This paper reports in vitro tests of chromosomal radiosensitivity in five children and three adults with normal karyotypes as control subjects, in seven patients (children) with chromosomal abnormalities, and in six translocation carriers (adults). Peripheral blood samples from each individual and skin fibroblast cultures from four children in the control group, five patients with chromosomal abnormalities, and one translocation carrier were irradiated with 10 and 100 rads. Nonirradiated duplicate cultures were used as controls. Blood cultures were harvested after 52 hr of incubation and fibroblast cultures were harvested 24 hr after irradiation. The frequency of chromosomal breakage caused by irradiation was calculated by subtracting the values for nonirradiated samples from those for irradiated samples. In normal control subjects, the number of chromosome-type breaks per cell per rad was 0.0024 ± 0.0009 and 0.0020 ± 0.0009 in lymphocytes of children and adults, respectively, and 0.0049 ± 0.0021 in fibroblasts of children. The number of breaks per cell per rad was 0.0055 ± 0.0017 in lymphocytes and 0.00:82 ± 0.0013 in fibroblasts of patients, and 0.0040 ± 0.0018 in lymphocytes and 0.0063 ± 0.0017 in fibroblasts of carriers. In comparison with age-matched controls, significantly elevated frequencies of breaks per cell per rad were observed in cultured lymphocytes and fibroblasts of patients, and in cultured lymphocytes of translocation carriers (Table II) . After irradiation with 100 rads, the number of dicentrics and rings per cell was significantly greater in both patients and carriers of chromosomal abnormalities than in control subjects (Tables I and III) . Therefore, chromosomes of cells of patients with chromosomal abnormalities and of translocation carriers were significantly more radiosensitive in vitro than those of control subjects.
Introduction
Patients with Down's syndrome (trisomy 21) and perhaps patients with other chromosomal abnormalities have an increased risk of malignancy [4, 8, 10, [12] [13] [14] 20] . Recently it has been reported that fibroblasts from patients with Down's syndrome, E syndrome, Bloom's syndrome, and Fanconi's anemia are more susceptible to transformation by Simian virus 40 (SV40) in vitro [18] .
These findings suggest that cells with chromosomal abnormalities have a particularly high sensitivity to mutagenic agents and to the noxious effects of external environment. Such sensitivity might shed light on the relation between the genetic background of cells with chromosomal abnormalities and the susceptibility of the cell to cancer.
In this paper, the in vitro effects of radiation on cultured lymphocytes and fibroblasts from patients Table I . Chromosomal aberrations in lymphocytes after irradiation 1 with various types of chromosomal abnormalities and from carriers with translocated chromosomes are reported and compared with the effects found in normal control subjects.
Materials and Methods
Lymphocytes and fibroblast cultures from 21 subjects [22] were investigated (Table I) : five children and three adults with normal karyotypes [23] ; seven patients with chromosomal abnormalities (three with trisomy 21 and one each with trisomy D l5 short arm deletion B4, short arm deletion B5, and a ring B); and six carriers with balanced translocations (two with Al/D and four with A1/A2) [24] . The group of children used as control subjects in this study included a 2-wkold baby with a normal karyotype in addition to the control subjects described in our previous paper on Fanconi's anemia [9] . None of the subjects had a past Each blood sample was divided into three 2-ml portions: one portion was used as a nonirradiated control, one was irradiated with 10 rads and one with 100 rads. The samples were cultured for 52 hr, including a terminal 4-hr treatment with colchicine by a modified method of Moorhead et al. [15] . Many mitoses were required for the estimation of chromosomal damage; occasionally, cultures were repeated two or three times in order to obtain sufficient numbers of mitoses.
Fibroblast cultures were made from skin samples taken from the forearms of patients and carriers. In control subjects, samples were obtained from inguinal or abdominal incisions during operations rather than from incisions in the forearm, because the latter surgical procedures are relatively infrequent. Cultures were initiated by use of a double coverslip method [2] and were examined as soon as growth was sufficient. These cultures were also divided into three portions: one was used as a nonirradiated control and the other two were irradiated, one with 10 rads and one with 100 rads, 24 -48 hr after subculture. Fibroblasts were harvested 24 hr after irradiation.
Plastic tubes containing blood and fibroblast cultures (at room temperature) were exposed to y rays at a dose rate of 94.9 rads/min emitted from an experimental 137 Cs unit [5] . The rate for each lower dose irradiation was measured with a dosimeter [21] .
Cells in mitosis were located by scanning at low magnification, and unbroken cells with well defined chromosomal morphology at high magnification were used for detailed study. Because patients were not available at the same time, coding of slides was unsuccessful and cytologic studies were made whenever preparations were ready. All cells were studied by direct microscopic examination. The microscope stage position of the cell was recorded as well as chromosome count and presence of aberrations. All cells in which a chromosomal abnormality was recognized were photographed for complete karyotype or analyses of the prints. In order to study overlapping chromosomes, drawings were made of parts of some metaphases. In all test and control cultures, 100 metaphases were studied; when this was not possible, all suitable cells (minimum: 50 cells/culture) were examined.
The following structural chromosome-type aberrations were recorded and used in calculations: dicentrics, rings, acentrics and minute acentrics, deletions, and multicentrics. It was assumed that each dicentric and ring always appeared with its associated acentric chromosome; therefore the acentric and minute acentric chromosomes were classified into two categories:
(1) acentrics produced as counterparts of dicentrics or rings, and (2) acentrics which were deletions that occurred independently of such dicentrics or rings. Only the latter type of acentric was used in calculation of deletions per cell. Rare multicentric chromosomes, i.e., with three or more centromeres, were scored as dicentrics (the number of centromeres -1 = dicentric equivalent).
The following abnormalities were not used for calculation: (2) chromatid breaks and gaps or visual discontinuities of chromatin without displacement were separately recorded but both were excluded from calculations because they are not useful in radiation studies [6] ; and (2) symmetrical exchanges were also excluded because they were not easy to detect by direct microscopic examination.
The Tables I-III . By standard statistical techniques, particularly the i-test, the significance of chromosomal changes were estimated using tables of probability values.
Results

Chromosomal Aberrations in Nonirradiated Lymphocytes
The number of chromosomal breaks including chromatid-type breaks in cultures from patients with chromosomal abnormalities and from balanced translocation carriers was not significantly greater than that for control subjects. Few chromosome-type aberrations such as chromosome deletion, dicentrics and rings were found for patients with chromosomal abnormalities, balanced translocation carriers, and control subjects. (Tables I and II) Normal children and adults. The values for chromosome deletions per cell (del/c) after exposure to 10 rads were similar for children and adults, and the increases in values after exposure to 100 rads were also similar (Table I) . Dicentrics and rings were not observed after exposure of the cells to 10 rads in children or adult control subjects, and, after 100 rads, the number of dicentrics and rings per cell (D+R/c) was greater in children (0.084 ± 0.010) than in adults (0.060 ± 0.016). Values for chromosome-type breaks per cell per rad (breaks/c/r) for normal children and adults were similar (Table II) .
Chromosomal Aberrations in Irradiated Lymphocytes
Patients with chromosomal abnormalities. After exposure to 10 rads, values for del/c and for D+R/c for children with chromosomal abnormalities and for normal children were similar. After exposure to 100 rads, the number of D + R/c for each patient was significantly higher, namely 0.259 ± 0.027 compared with 0.084 ± 0.010 in cultures from control subjects. However, no change was found in the number of del/c after the higher dose. The number of breaks/c/r was 0.055 ± 0.0017, which was significantly higher than the number (0.0024 ± 0.0009) for normal children (P < 0.01).
There was no significant difference between the radiosensitivity of cells from patients with different types of chromosomal abnormalities (Table I) .
Carriers with translocated chromosomes. After exposure to 10 rads, values for del/c and for D+R/c for carriers with translocated chromosomes were similar to those for normal adults. After exposure to 100 rads, the number of D+R/c for each subject was significantly higher; 0.201 ± 0.057 D+R/c occurred in cultures from carriers compared with 0.060 ± 0.016 in cultures from control subjects; the number of del/c was not significantly different. The number of breaks/ c/r was 0.0040 ± 0.0018, which was significantly higher than the 0.0020 ± 0.0009 breaks/c/r found for normal adults (0.02 > P > 0.01).
There was no significant difference between the radiosensitivity of cells from carriers with Al/D and A1/A2 translocations. 4 46,XX,t(lq+:Dq-). 5 Significant difference (P < 0.01).
Chromosomal Aberrations in Nonirradiated Fibroblasts
The number of chromosomal breaks in cultures from patients with chromosomal abnormalities and balanced translocation carriers was significantly greater than in cultures from control subjects. However, the incidence of chromosome-type breaks for patients with chromosomal abnormalities and balanced translocation carriers differed little from that for control subjects because most breaks were chromatid-type breaks. (Tables II and III) Normal children. The number of del/c after exposure to 10 rads was 0.048 ± 0.023, and, after exposure to 100 rads, the number was 0.180 ± 0.062. The numbers of D+R/c after exposure to 10 and to 100 rads were 0.003 ± 0.004 and 0.153 ± 0.027, respectively. The number of breaks/c/r was 0.0049 ± 0.0021.
Chromosomal Aberrations in Irradiated Fibroblasts
Patients with chromosomal abnormalities. After exposure to 10 rads, values for del/c and D+R/c were similar to those for normal children. After exposure to 100 rads, the number of D+R/c for each patient was significantly higher than that for control subjects; 0.282 ± 0.027 D+R/c were found in cultures from these patients compared with 0.153 ± 0.027 in those from control subjects. No significant difference was found in the number of del/c at this higher dose. The number of breaks/c/r was 0.0082 ± 0.0013, which was significantly higher than the number (0.0049 ± 0.0021) found for normal children (P < 0.01).
Carrier with translocated chromosome. After exposure to 10 rads, values for del/c and D + R/c for this case were similar to those for normal children. (Values for normal adults were not available.) After exposure to 100 rads, the number of D+R/c was 0.190, which was higher than the 0.153 ± 0.027 found for normal children; values for del/c and chromosome-type breaks/c/r for this Al/D translocation carrier were similar to values for normal children.
Discussion
These results cannot always be compared directly with those reported by Dekaban et al. [6] , Chudina [3] , Abnormal karyotypes and chromosomal radiosensitivity 519 Sasaki and Tonomura [16] , and Sasaki et al. [17] because most of those studies were limited to cultured lymphocytes from patients with Down's syndrome. Chudina reported on lymphocytes irradiated within 4 hr of the termination of the culture, when chromatid breaks are the main aberrations. Dekaban et al. studied lymphocytes after 72 hr in culture when the cells were in their second postirradiation division. Induced chromosomal aberrations should be evaluated in the first postirradiation division because some abnormal nuclei may not survive to a second postirradiation division. Sasaki and Tonomura measured chromosomal damage in metaphases in the first postirradiation division from lymphocyte cultures of patients with Down's syndrome irradiated at various doses. Sasaki et al. [17] examined chromosomal radiosensitivity of blood samples obtained from patients with various types of chromosomal abnormalities besides Down's syndrome. They reported that the chromosomal radiosensitivity was consistently higher in cultured lymphocytes that were trisomic for the whole or a part of a chromosome than in cultured lymphocytes with normal karyotype, but that it was not significantly influenced by the monosomic conditions and reciprocal translocation. They did not examine radiosensitivity of cultured fibroblasts.
Cultures of both fibroblasts and lymphocytes were investigated in this study; irradiated lymphocytes were harvested at 52 hr of culture and fibroblast cultures were harvested 24 hr after irradiation, so that each included first postirradiation divisions [1, 11] . Two different age groups (children and adults) were used as control subjects because the age of the subject may affect the frequency of induced chromosomal aberrations [16] . In addition, these groups served as controls for the patients with abnormal chromosomes who were children and for the balanced translocation carriers who were all adults.
The number of breaks/c/r in cultured lymphocytes seemed higher for children than for adults but the difference was not statistically significant.
The number of breaks/c/r proved to be a valuable measure of radiosensitivity for the relatively low doses of radiation used in this study. The number of breaks/c/r in cultures of both lymphocytes and fibroblasts from patients with chromosomal abnormalities and in those from the balanced translocation carriers was significantly higher than in those from normal control subjects. However, the frequency of chromosometype breaks was lower than that which we had found in patients with Fanconi's anemia [9] . In addition to the number of breaks/c/r, the numbers of del/c and of D+R/c were also studied. On the whole, the number of D+R/c was a more sensitive indicator of irradiation than was the number of del/cell. It was interesting to note that the level of chromosomal aberrations of the exchange type increased although the level of simple chromosome deletions did not; similar findings were reported by Sasaki and Tonomura [16] in cells from patients with Down's syndrome. There is little variation between radiosensitivity in different abnormalities but all are significantly higher than the normal.
In order to determine whether the increased chromosomal radiosensitivity in patients and carriers was attributable to the unusual involvement of a certain chromosome, most probably an extra or translocated chromosome, the frequencies of chromosomes involved in these aberrations were studied. The differences between observed and expected frequencies, however, were not significant.
Comparison of chromosomal damage caused by xrays usually revealed greater radiosensitivity in cultured fibroblasts than in lymphocytes. In a few cases there was relatively more breakage in cultured lymphocytes than in fibroblasts. This may be because the abnormal patients often had received several diagnostic x-rays. There may also be differences in radiosensitivity between fibroblasts obtained from different sites in patients, carriers, and control subjects.
This study shows that cells with abnormalities such as trisomy, deletions, rings, and translocations all have higher chromosomal radiosensitivity as measured by the frequency of chromosomal aberrations after two unit doses of y rays. This evidence is of interest because of the high incidence of leukemia and other malignant diseases in patients with some chromosomal abnormalities such as Down's syndrome and chromosomal breakage syndrome [7] and because of the susceptibility of cultured fibroblasts from patients with Down's syndrome and trisomy 18 to SV40 transformation [18, 19] . Therefore, it seems that cells from patients with chromosomal abnormalities, and even those from balanced translocation carriers, have particularly high sensitivity to chromosomal damage by mutagenic agents. It is strongly advised that such individuals be protected from unnecessary x-ray examination.
Summary
This paper reports in vitro tests of chromosomal radiosensitivity in five children and three adults with normal karyotypes as control subjects, in seven patients (children) with chromosomal abnormalities, and in six translocation carriers (adults). Peripheral blood samples from each individual and skin fibroblast cultures from 10 of these individuals were irradiated with 10 and 100 rads. Nonirradiated duplicate cultures were used as controls. Blood cultures were harvested after 52 hr of incubation and fibroblast cultures were harvested 24 hr after irradiation. The frequency of chromosomal breakage caused by irradiation is the difference between the value for irradiated samples and that for nonirradiated samples.
After irradiation, the number of breaks/cell/rad in cultures from patients with chromosomal abnormalities and balanced translocation carriers was significantly greater than that for controls. After irradiation with 100 rads, the number of dicentrics and rings per cell was significantly greater for both patients and carriers of chromosomal abnormalities than for controls. Therefore, chromosomes of cells from patients with chromosomal abnormalities and from translocation carriers were significantly more radiosensitive in vitro than those from controls.
